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Flexible Multilayer Combining Nickel Nanowires and
Polymer Films for Broadband Microwave Absorption

Yann Danlée

Abstract—In front of electromagnetic (EM) pollution of the
environment, EM protection requires more and more efficient so-
lutions. Multilayered films consisting of alternating stacked nickel
nanowires (NWs)-based conductive layers separated by bulk poly-
carbonate films were fabricated as thin electromagnetic shield. The
well-defined periodic arrangement of the multilayer structure with
gradient NW concentration in the conductive layers demonstrates
a remarkably high effective microwave absorption (reflection and
transmission below —10 dB, up to 34.3 dB of absorption loss)
by tuning the conductivity and magnetic permeability of each
layer. The ferromagnetic nature of NWs enhances the absorption
performances compared to nonmagnetic carbon nanotubes having
similar conductivity. Our method provides a simple, compact, and
efficient approach for the fabrication of electromagnetic interfer-
ence shielding materials offering improved broadband microwave
absorption.

Index Terms—Nanomaterials,
shielding modeling and methods.

radar absorbing materials,

1. INTRODUCTION

N THE present urban, domestic, and working place environ-

ments, electromagnetic (EM) waves are omnipresent. The
major trends toward ever wideband wireless communication, on
one hand, and ever increasing density of electronic devices, on
the other hand, generate a growing issue with electromagnetic
interference (EMI), which can occur between devices or between
subcomponents of devices. The consequences are at best dis-
turbing but can be very dangerous for health- or security-related
applications [1]. Classical broadband EMI shielding is based
on electromagnetic reflectors, usually metal foils or coatings,
acting as Faraday cages [2]. These methods are less and less
satisfactory in the present environment because the interfering
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EM signal is simply reflected back to the environment without
significant loss. This explains the renewed popularity of EM
absorbers, which truly eliminate the EM signal in directions or
locations where it is unwanted.

To reach effective EM absorption, a delicate balance between
the complex permittivity and permeability must be achieved [3].
In short, the EM properties of the material must minimize
transmission and reflection. The transmission is defined as

T =~ #0Vanr §))

where d is the thickness of material, w is the pulsation, and cis the
speed of light in vacuum. The imaginary part of permittivity e,
and permeability i, must by high to decrease the transmission.
Moreover, the complex values of those two physical properties
must be close to each other to minimize the reflection coefficient
at material/air interface defined by [4]

Rﬁ; 2)
ey

Polymer-based nanocomposites containing conductive and
ferromagnetic fillers can fulfill these contradictory demands
[5]-[8]. As conductive fillers, carbon nanotubes (CNTSs) [9]
or metallic nanowires (NWs) [10] are attractive choices be-
cause of their extremely high intrinsic conductivity. CNTs are
widely used because the percolation threshold can be reached
at low loading owing to their easy dispersibility in selected
polymers [11]. The low permittivity matrix, on the other hand,
allows EM waves to penetrate deeply in the absorbing struc-
ture, while the conducting network dissipates the EM energy
through complex resistive—capacitive coupling and multiple in-
ternal reflections [12]. The nonmagnetic nature of CNTs limits
their attenuating influence only to the electric field of the EM
wave, while conducting ferromagnetic particles also dissipate
the magnetic field as the wave penetrates the material. The
combination of conductivity and magnetism drastically amplify
the energy absorption [6], [8]. In this context, new types of
high-performance absorbers have emerged. Among the most
common nanocomposite build from the ferromagnetic compo-
nent in polymer, we have the dispersion of magnetic NWs [6],
[13], [14], the use of grafted magnetic nanoparticles (MNPs) on
carbonaceous nanostructures [15], [16] or even the elaboration
of ferromagnetic particles trapped inside CNTs [17], [18]. The
NWs incorporation gets sufficiently high magnetic permeability
and well-balanced conductivity to yield a significant absorption
enhancement. We select then the very efficient combination of
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polymer and Ni-NWs as the building blocks of our broadband
microwave absorber.

In addition to the intrinsic properties of the material, the
arrangement of layers plays an important role in the absorption
process. A gradual increase in conductivity and/or magnetic
permeability allows impedance matching at the incoming wave
front [19]. Reflection is lower and the wave propagates deeper
into the material where the energy is “trapped” between the
internal lossy layers with less outside reflection [3], [20]. Gra-
dient structure, hence, leads to a higher overall absorption due
to reduced reflected power.

This article presents novel hierarchically organized multilay-
ers built from micrometer deposition of a network of nickel
nanowires (Ni-NWs) on polymer films, which are very effective
EM absorbers in the microwave frequency range. The structures
are obtained by alternatively stacking conductive-ferromagnetic
and insulating layers. The effectiveness of the multilayers is
linked to the gradient periodic arrangement of the ferromagnetic
depositions, which enhances impedance matching. The struc-
tures are easy to make, very thin (thickness much lower than
the centimeter wavelength), and conformable. Moreover, the
multilayers proposed in this article are modular (easy restacking
to reach another absorption target).

II. MATERIALS AND METHODS
A. Ni-NWs and Sandwiches

Although not so widely available as CNTs, ferromagnetic
NWs have the potential advantage to combine high electrical
conductivity with enhanced magnetic property. This is the case
for Ni-NWs that combine large aspect ratio, high conductivity,
and high magnetic permeability. Amongst ferromagnetic mate-
rials, nickel has a strong magnetic susceptibility (xy = 110) and
offers a cheap and facile implementation. Nanoparticles are very
sensitive to oxidation, yet nickel owns advantageous resistance
to oxidation unlike particles of iron [15], [21]. Ni-NWs appear
as ideal candidates as subcomponents of optimal absorbing
multilayers. We synthesize Ni-NWs by electrodeposition inside
the pores of a nanoporous alumina template. The selected mem-
branes, UniKera Standard from IDT Inc. (Synkera), provide a
very homogeneous distribution of pores. The pore areal density
is up to 35%, a sufficient density for small-scale production. The
diameter of the pores is 150 nm and the membrane is 100 pm
thick; the geometry of the pores obviously defines the shape of
the NWs. The NW growth starts from the cathode that is directly
deposited on the membrane. For this purpose, a 20 nm chromium
layer is first evaporated by e-beam (Pfeiffer Vacuum Classic 500
supplied by Intellemetrics IL.150) on one side of the membrane to
make a strong interface between alumina and the actual cathode.
Next, 1000 nm copper is evaporated as the cathode on the Cr
interface layer. The opposite side of the template is free to let the
electrolytic solution flow into the pores. The electrodeposition
of pure Ni-NWs is done from a solution of boric acid (H3BOg)
0.6M and nickel sulfate hexahydrate (NiSO4-6H50O) 0.5M
mixed at room temperature. The potentiostat (model 263 A from
EG&G Princeton Applied Research) measures the current flow
between the working and counter electrodes; the total charge
is used to estimate the mass of electrodeposited material inside
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the porous membrane. Additional details about the process are
given in [22].

The aim of the electrodeposition process is to obtain a large
amount of NWs. Once synthesized, the NWs have to be ex-
tracted from alumina. First, the cathode is completely etched
away. Copper is etched in 0.5M FeCl; for 3—4 min. Afterwards,
chromium is etched in 2—3 min by a caustic solution of 0.33M
KMnO, and 5M NaOH. At this stage, the NWs are still strongly
embedded in the membrane. The setis dived in 8M NaOH heated
at 70 °C for 24 h. During the last minutes, ultrasonication is
applied to ensure a good separation of the residual cluster of
Ni-NWs. The suspension of NWs is quickly filtered with the help
of a polycarbonate ipPORE Track Etched Membrane from it4ip
(25 pm-thick porous film with a pore density of 5 x 108 cm™2
and a pore diameter of 200 nm). The NWs are collected on
the polymer filter. Acetic acid (50%) is directly passed through
the filter in order to neutralize potential residues of NaOH
on the polymer and the surface of the NWs. Let us note that
the exposure time to NaOH, and then, acetic acid is insufficient
to affect strongly the polymer properties. Next, the NWs are
rinsed with pure water, and finally, dried in an oven for 24 h at
120 °C.

The entangled NWs already form a thin mesh on the filter.
To facilitate handling, the covered filter is directly sandwiched
between two 55 pm-thick Lexan polycarbonate (PC) films.
The sandwich is hot pressed at 210 °C, 10 T for 30 s. The
fabrication of the magnetic multilayer is schematized in Fig. 1.
This process has the advantage of simplicity and yields confined
thin conductive magnetic films.

This article has studied a sandwich built from four layers
having a density of Ni-NWs 0f 0.29,0.47,0.92, and 3.26 mg/cm2
(over a fixed surface of 950 mm?). The average thickness of NW
depositions is about 7 m and a single sandwich is 125 pm thick.
The characterization is performed in the next section on each film
in order to establish their effective EM response.

B. Magnetic and Electromagnetic Characterizations

The magnetization curves of the films were obtained using
an alternating gradient field magnetometer (AGFM) instrument
from Lake Shore with a maximum applied field of £10 kOe.
The B- and H-fields are measured before saturation where the
static permeability is computed by the equation: ps = ﬁ.

The frequency response of the samples is characterized using
a Keysight N5247 A PNA-X vector network analyzer (VNA)
operating up to 67 GHz. Physical properties (e.g., dielectric
constant, conductivity, and permeability) are calculated from
S-parameters provided by the instrument. We used the method
of Nicolson and Ross [23] that has been completed by Weir [24].
This method is the most adapted for medium conductive and/or
magnetic materials. For broadband measurements with mod-
erate resolution, the method has a potential accuracy of about
A+0.1dB and A +1A° with a significant reduction in mis-
match errors [23]. Furthermore, the algorithm uses the Kramers—
Kronig relations to ensure the uniqueness of the solution [25].
The algorithm provides physical properties with the right sign
from S-parameters. The in-plane parameters are obtained from a
waveguide configuration. The wave propagation in the direction
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Ilustration of the fabrication of Ni-N'Ws-based multilayer. (a) Ni-NWs are collected on the nanoporous polycarbonate filter. (b) Optical image of entangled

NWs over the filter surface. (c) Filter with the Ni-NWs is sandwiched between two polycarbonate sheets. (d) Photo of a single sandwich, the entangled Ni-NWs
appear in black. (e) Sandwiches are stacked in gradient of concentration of Ni-NWs. (f) Photo of the multilayer.

perpendicular to the film (out-of-plane) corresponds to the mi-
crostrip configuration; the measurement needs then to connect a
test fixture Anritsu 3680v equipment to the VNA. The techniques
are explained and illustrated in [26].

The EM characterization is requisite to assess the physi-
cal properties of each film independently. Next, a homemade
MATLAB routine simulates the output parameters (reflectance,
transmittance, absorbance) of the multilayer based on the mea-
surement of each single film. Each layer is treated like a trans-
mission line with associated characteristic impedance Z. and
propagation constant . The layers are assumed isotropic in the
three spatial dimensions. 502 impedances are placed on each
side ports to account for the internal reference impedance of the
VNA [27]. This method is used to display the theoretical predic-
tion in the graphs of measurement. Moreover, an optimization
by convergence with the MATLAB function fmincon allows to
quickly determine the local optimal stack of the layers in terms
of input parameters (i.e., permittivity, permeability, thickness,
and number of layers) [28].

A common way to quantify the performance of an absorber
is the shielding effectiveness (SE) as the logarithmic ratio of the
incident power P; to outgoing power P, of radiation. It can be
expressed as the sum of reflection, absorption, and rereflection
losses

SE = 1010g10§ =SE4 + SEr + SEu, 3)
o
where SE 4, SER, and SEj; are absorption loss, reflection loss,
and multiple reflection loss, respectively [29], [30]. This ap-
proach primarily aims to minimize transmission, or in other
terms, favors absorption as well as reflection [29]. Focusing on
absorption only, we prefer working with the absorption loss SE o
instead of the SE. The SE , is related to the S-parameters by the

following equation:

1—[S11)?

SEA - ].O 10g10 |S21|2

“

The EM characterizations of this article are always shown in
terms of S-parameters and absorption loss SE .

The efficiency of a microwave absorber can be determined
by the Rozanov method [31], which is widely used for broad-
band radar absorption by multilayer. The objective is to obtain
the thinnest absorber showing the highest possible absorption.
Current radar absorbers are known to have good performance
over a narrow frequency band [32], whereas our systems show
wideband absorption. The analyzed samples have to be metal
backed to fulfill the conditions of applicability of the Rozanov
formalism. The Rozanov relation provides an upper limit for
the integral of the reflectance R over a given wavelength A
range. The following inequality gives the minimal thickness of
a physically achievable radar absorber:

hg
In R(\)dr < 272 ndn 5
/M n R(x)dx < wan(u ) (5)

where pu, and d,, are static permeability and thickness of each
slab, n € N [31]. As the configuration prevents any transmit-
tance 7T', we assume that absorbance A = 1 — R. We will use
this relevant way to gauge the performance of the absorbers
described in this article.

III. RESULTS AND DISCUSSION

We have described the fabrication process of Ni-NWs—
polymer composite that gives a thin conductive-magnetic mesh
sandwiched between polycarbonate layers. This confinement
allows an efficient use of the nanofillers since the percolation
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TABLE I
Sum UP OF THE IN-PLANE (BY WAVEGUIDE TECHNIQUE) PROPERTIES AVERAGED OVER MEASURED SPECTRUM

7

7
s Hr Ho

£, o [S/m]
0.29 mg/cm? 3.2 (£2.7) 0.5 (£0.2) n/a 1.1 (£0.2) 1.4 (£1.1)
0.47 mg/cm? 2.9 (£1.7) 1.5 (+0.6) 17 1.8 (£1.5) 1.5 (£0.7)
0.92 mg/cm? 3.1 (£0.9) 3.0 (£2.1) n/a 2.4 (£0.8) 1.6 (£0.6)
3.26 mg/cm? 3.2 (£1.8) 41 (£22) 146 19 (£4.0) 13 (£7.0)
10.47mg‘/cm2 Ni-NW composite 13.26mg‘/cm2 Ni-NW composite . ‘ ‘ Out-of-plane ‘ — -.
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Fig.2. In-plane and out-of-plane hysteresis loops of composites with 0.47 and 21 §_/_\_T—/>/:X_ S (}i )
3.26 mg/cm? of Ni-NW. 0______,—7"’ | }l !
0 10 20 30 40 50 60 70
threshold is quickly reached (also helped by the very high aspect
ratio of the NWs). 10 In-plane ‘ ——
The ferromagnetic properties of the sandwiches have been - 5l
revealed by AGFM hysteresis loops. Fig. 2 shows the in- 0 \,_\//_
plane and out-of-plane characterizations of the sandwiches with 0 10 20 30 40 50 60 70
0.47 and 3.26 mg/cm? of Ni-NWs. The out-of-plane hysteresis =10 ‘ ‘ ‘
loops are both tilted by comparison with the in-plane ones; @, 50 M
this is the proof that these films have a permeability dependin ® o ‘ ‘ ‘
1€ pre ) P y aep g 0 10 20 30 40 50 60 70
on the direction. The strong anisotropy is due to an alignment of 40
the NWs in the plane. The AGFM analysis reveals a magnetic L20f E“fz
. . i = - =S,
response of the material useful for the Rozanov formalism, but o -m~=7 TN mm=mmm ===
0 10 20 30 40 50 60 70

they are not valid to quantify any property since it is depending
on frequency [33]. We, hence, proceed next to characterization
in the gigahertz range in order to obtain the required parameters
for preliminary simulations.

The polycarbonate-nickel nanowire (PC—Ni-NW) multilay-
ered films have been characterized in order to define their
complex permittivity and permeability in the microwave range.
Complex permittivity contains information about the dielectric
constant s’r, which is close to pure PC for all composites,
and about Conductivity o, which dominated by the imaginary
part since ¢, = a ;—C’w, where ¢ is the imaginary unit, &,
is the vacuum dlelectrlc constant, and w is the pulsatlon Per-
meability is also defined by a complex number y,, = u, ',ur
in frequency. The sandwich with 3.26 mg/cm? of Ni-NW is
measured by the microstrip and waveguide methods in order to
determine its out-of-plane and in-plane properties respectively
(see Fig. 3). As expected, Fig. 3 shows that in-plane values
of permittivity, conductivity, and permeability are higher than
out-of-plane values. The in-plane configuration maximizes the
interaction of the EM wave with the mesh of nanofillers because
they are oriented in the direction of the electric and magnetic
fields. Note that the experimental oscillations are due to a slight
impedance mismatch over the swept frequency range. Further-
more, the algorithm for extracting the physical properties from
S-parameters inevitably amplifies these oscillations.

Besides the aforementioned example, the composites with dif-
ferent amounts of Ni-NWs have been characterized. Itis possible

Frequency [GHZz]

Fig. 3. Out-of-plane and in-plane characterization of a sandwich based on
3.26 mg/cm? of Ni-NW deposited on a PC filter and sandwiched between two
PC sheets. The insets show the wave propagation.

to obtain a range of values for 5;, o, ,u’T, and u',/, depending
on the quantity of deposited NWs. Table I gives the averaged
value over the spectrum of the in-plane effective properties of
the composite films as a function of the mass of Ni-NWs for
the fixed surface of 950 mm?. The maximum variations around
the average values are bounded by the values given in brackets.
Let us note that we work in a window of the frequency range
(8-67 GHz) instead of the half plane of the Kramers—Kronig
theory. The imaginary part of permittivity (i.e., conductivity)
can then change without a direct influence on the real part on
this specific range. We think a short circuiting of the nanofillers
(comparable to a circuit of resistances—capacitors) significantly
increases the effective conductivity with the concentration of
the NWs, while the dielectric constant remains unchanged. The
static permeability ps comes from the AGFM analysis. The
objective is to reach a precise balance between the conductivity
and permeability to maximize the absorption loss. The optimum
stack follows an exponential distribution of the permittivity and
permeability. Furthermore, a stack of only four layers maximize
the absorption/thickness ratio for the defined frequency range.
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A fine tuning of the quantity of sandwiched NWs leads to a
multilayer getting close to optimal absorber. The mathematical
approach shows that the imaginary parts of the permittivity
and permeability should be high. Yet, this compromise would
be difficult to achieve, for instance, with a nanometric surface
deposition of nickel because the ferromagnetic influence would
be negligible compared to conductivity. Indeed, the bulk conduc-
tivity of nickel is highly dominant regarding the low contribution
of permeability. The 7 pm-thick entangled Ni-NWs deposited
layer decreases drastically the effective conductivity of the
nanofiller network because of the presence of electrical contact
resistances that reduce conductivity. Furthermore, it is simple to
control precisely o, //r, and //,i via the quantity of nanocharges.
This is advantageous here to tailor favorable properties for the
multilayered absorbing structure.

The so-made series of conductive-magnetic sandwiches is
useful to build absorbing multilayers obtained by stacking such
sandwiches. An arrangement in a gradient of conductivity—
permeability is the best solution to attenuate progressively the
incoming EM waves. The increasingly conductive network ab-
sorbs the electric field through the multilayer without signif-
icantly reflecting the energy [20]. The same applies for the
layer-by-layer increase of permeability that gradually attenuates
the magnetic field of the waves. Fig. 4 shows the results of the
four-layers absorber built from Ni-NW sandwiches measured in
Table 1. Because of the intrinsic oscillation of the waveguide
method, we show the theoretical prediction in dotted line in
the following figures. The Ni-NW multilayer is compared with
another four-layer stack (700 pm-thick) made of CNT sand-
wiches arranged with the same gradient strategy. The method
of fabrication of those CNT composites in presented in some
detail in [3]. The effective conductivity of each CNT composite
layer is equivalent to that of the Ni-NW sandwiches in order
to separate the contribution of the sole magnetic component.
The two multilayers follow, therefore, the same gradient of the
conductivity. Unsurprisingly, the absorption index favors the
Ni-NWs-based multilayer. Its total thickness is 600 pm, while
the mean absorption index (not shown) over the spectrum is close
to 90% or an average absorption loss SEa of 18 dB. Fig. 4 shows
the S-parameters and the absorption loss for a measurement
from port 1 to port 2. The characterization in the reverse way
would demonstrate a substantial reflection (the phenomenon is
detailed in previous researches [3], [20]). The reflection (S11)
and the transmission (Ss1) are significant for the PC-CNT
multilayer, explaining the worse absorption loss. Referring to
reflection coefficient [see (2)], the decrease of Sy is favored
by a characteristic impedance Z,. closer to that of air, meaning
that p,. gets value higher than 1 to compensate the permittivity
e, of the composite. Likewise, So; is decreased thanks to high
w,. and .. via the transmission coefficient 7 [see (1)]. Fig. 4,
hence, confirms that magnetic NW-based sandwiches combined
with a gradient arrangement are very efficient for microwave
shielding. The dotted lines are the predictions of the multilayer
computed from measured physical parameters of each separated
layer directly used as input.

The two four-layer absorbers described previously are charac-
terized following the Rozanov formalism. The multilayers are
only measured at port 1 and the backside of the absorbers is
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Fig. 4. Comparison between PC-Ni-NW and PC-CNT four-layer structures
having same values of complex permittivity and different values of relative
permeability. S-parameters show lower reflection S1; and transmission Sa1 of
the Ni-NW-based absorber than the CNT-based multilayer; the absorption loss
follows the same trend. The dotted lines are the theoretical predictions of layer
stacks. The inset illustrates the multilayer where white layers are pure PC and
red layers are thin nanofiller depositions.

coated with an aluminum foil to ensure total reflection. Referring
to the Rozanov inequality [see Section II-B, (5)], for the same
reflection target, the thickness d,, can be decreased in inverse
proportion to .. In practice, we aim to get as close as possible
to the theoretical minimum thickness, i.e., the equality in (5).
Fig. 5 shows the experimental results (full lines) compared with
the simulated prediction (dotted lines). The Ni-NWs-based mul-
tilayer exhibits a reflectance 5 dB lower than the CNT multilayer
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TABLE II
COMPARISON OF ABSORBER PERFORMANCES WITH THE LITERATURE

description bandwidth efficiency thickness ref
» Cu-NW@MWCNTs in PS 8-12.5 GHz SE=35dB, A=54% 210 um [34]
E  Metal-NWs in polymer 8-12.5 GHz SE=20dB 210 um [35]
F  Sheet of Ag-NWs in cellulose 1 GHz SE=48.6dB 154.1pm <t < 164.2um  [36]
© Sheet of Ag-NWs in PDMS 8-12.5 GHz SE=42dB, SE 5 ~5dB active surface < 200nm [37]
Bucky-paper of CoFeNiBSiMo-MNWs 1-2 GHz SE=18dB, A=98.4% 640 um [6]
MNWs in PAni 12.4-18 GHz SEA=45dB na [8]
Ni-NWs in Al,O, template 2-18 GHz SEr ~1dB Imm [13]
SEr ~3dB 2mm
SEr ~8.5dB 3mm
” SER=8.5dB 3mm
g SER ~5.5dB 4mm
”:.:L SER ~4.5dB 5mm
FeCo-nanorods+MWCNTs in PVDF 8-18 GHz SE=44dB Smm [14]
Fe,O,[MWCNTs core|shell in PVDF 12-18 GHz SE=44dB, A=77% 600 um [16]
Ni@MWCNTs in PS 2-4 GHz SEr=33dB 6mm [17]
Fe-filled CNTs 2-18 GHz SEr=21.9dB 2mm [18]
MWCNTs+NiFe-MNP+BaTi-NP in PC+PVDF  8-18 GHz SE=44dB, SEg=15dB, SE5=25dB Smm [38]
Fe-MNPs in PU 2-18 GHz MBRL=20dB 1.524mm [39]
N-doped Co-MNP @ CNTs 2-18 GHz SE ~33dB, SE, ~30dB 4mm [42]
YIG in PAni-wax 8-18 GHz SE=44.8dB, SE=40.2dB 4mm [43]
Ag-NWs in foamed PU 8.2-12.5 GHz SE=64dB, SEg=10dB, SEr ~64dB 2.3mm [10]
«  Ag-NWs @ carbon sponges 8.2-12.5 GHz SE=70.1dB, SE5 ~60dB 3mm [40]
E Graphene in foamed PDMS 8-12 GHz SE~22dB, SEr ~3dB, SEp ~18dB  Imm [41]
£ MWCNTS in foamed PCL 25-40 GHz SE~80dB, SEr ~9dB 2mm [44]
SE~30dB, SEr ~13dB 2mm
Graphene in foamed PMMA 8-12 GHz SE=15dB 2.4mm [45]
Graphene in foamed PS 8-12 GHz SE=29dB 2.5mm [46]
»  multilayer of MWCNTSs in PC 8-67 GHz A~85% 4.9mm [3]
g sandwich of Fe|Al-Fe alloy|Fe 30 kHz — 1.5 GHz ~ SE=70-80dB Imm [7]
= multilayer of ...|PC|CNTs]... 8-40 GHz A~90% 2. 7mm [20]
E trilayer of CNTs in PCL foam 8-36 GHz SE=45dB, R~20dB 30mm [27]
multilayer of ...|PC|Ni-NWs|... 8-67 GHz SE=34.3dB, A=97.4% 600 um [here]
0 case, the managed conductivity gradient is very well adapted.
A significant additional optimization of the magnetic film stack
51 is thus possible but it requires a very fine management of the
physical properties of each layer.
a‘?'m I This evaluation highlights the interest of magnetism for the
T microwave absorption. First, the global absorption is higher for
_ the Ni-NW multilayer. Furthermore, the Rozanov formalism
20 shows that a fully optimized magnetic multilayer absorber with
comparable broadband performance would be about six times
. ‘ thinner than the CN'T-based system.
0 10 20 30 40 50
A[mm]
Fig. 5. Characterization following the Rozanov formalism of two multilayers IV. CONCLUSION

based on CNTs and Ni-NWs. Both structures are composed of 4 PC — Ni-NW
or PC — CNT sandwiches whose physical properties are equal except for
permeability. The dotted lines are the predictions for each stack. The inset
illustrates the multilayer back-covered by a metal foil (in black).

up to a wavelength of 40 mm. This is especially favorable in
the Rozanov formalism because the integral on the left-hand
side of (5) is taken over a relevant wavelength range. Thanks to
the measurement of the reflection coefficient over the considered
spectrum, we can calculate the theoretical minimal thickness of
the magnetic multilayer. This optimum corresponds to a perfect
optimized structure and could be as low as 35 um instead of
the actual 600 pm for the experimental Ni-NW multilayer. The
corresponding CNT-based multilayer is closer to the ultimate
limit as a nonmagnetic absorber with a theoretical minimum
thickness of 205 pm (instead of the actual 700 pm). In the latter

We have developed, tested, and analyzed thin and flexible mul-
tilayer structures combining a dielectric polymer and ferromag-
netic NWs. The metallic NWs are widely used for applications
requiring high SE [34], [35]. Ultrathin metal-NW sheets reach
impressive SE/thickness ratio, but at the expense of a high reflec-
tion resulting a weak absorption loss [36], [37]. Our transmission
and reflection are both below —10 dB, which gives a mean
absorption loss of 18 dB (or an absorbance of 90%) over a wide
microwave frequency range, despite the thickness of 600 pm.
The fine control of conductivity and permeability allowed by our
approach as well as a smart conductivity/permeability gradient
stacking of the layers lead to very high-efficiency absorbers. It
results in higher performances compared to homogeneous ferro-
magnetic nanocomposites [14], [16], [38], [39]. Scientific litera-
ture reports similar performances for foam with the inconvenient
of thickness [10], [40], [41]. As an indication, Table II shows
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the performance of some comparable EMI shielding solutions.
The factor of merit often varies according to the paper making of
any rigorous comparison difficult; however the absorption loss
and the thickness of our multilayer demonstrates a competitive
efficiency over a wide spectrum. The analysis by the Rozanov
formalism gauges the performance compared to the theoretical
limit and confirms the great potential of ferromagnetic films in
gradient for RF absorption.

Because of their flexibility and low thickness, the multilayers
can adapt to almost any shape and so isolate devices from
external and internal fields. Realistically, the Ni-NW film ab-
sorbers are particularly suited for specific compact devices such
as microchips, sensors, or medical probes. The analytic model
developed to simulate the structures is in good agreement with
the experimental characterization and could further be extended
to the design of new systems operating in other frequency ranges.
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